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Signature inversion in doubly odd **4.a
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High-spin states have been studied in neutron-deficiéfitag;, populated through th&*zn(%“zn,3pn)
reaction at 260 MeV. The Gammasphergay spectrometer has been used in conjunction with the Microball
charged-particle detector, the Neutron Shell, and the Argonne Fragment Mass Analyzer, in order to select
evaporation residues of interest. The known band structures have been extended and new bands found. Most of
the bands are linked together, allowing more consistent spin and parity assignments. Comparison of band
properties to cranking calculations has allowed configuration assignments to be made and includes the first
identification of thegg,, proton-hole in an odd-odd lanthanum isotope. Two bands have been assigned a
why15® vhyq, Structure; the yrast one exhibits a signature inversion in its level energies beld&:5:, while
the excited one exhibits a signature inversion ablovd.8.5:.
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[. INTRODUCTION rigorous spin and parity assignments, which is usually com-
pounded by the observation of many unlinked bands. Global
Doubly odd nuclei of the mas&~125 light rare-earth systematic trends of yrasth;,,® vh,;, bands have been
region exhibit the phenomenon of “signature inversiga used to suggest assignmentAin 125 nuclei[8], while spe-
whereby the expected energetically “unfavored” signaturecific experimental studies often reach different conclusions.
component of certain bands actually lies lower in energyin the present paper, several band structure$’fha have
than the corresponding “favored” component at low spinbeen linked together, allowing more consistent relative spin
(e.g., see Ref[2] and references therginSpecifically, for assignments to the bands. Furthermore, absolute spin and
the yrastwhy1,® vhyy» configuration the “favored’a=1  parity assignments are inferred through comparison to results
signature, defining odd-spin levels, only becomes energetirom the core-quasiparticle coupling model. A secded-
cally favored at spir =18%. The systematics of the critical cited) 7h;,,,® vhyy,, band has been established*#{_a con-
“inversion” spin have been the subject of several recentnected to the firstlyrasy) ah.® vhyy, band. The yrast
studies, e.g., Ref3], and this phenomenon is still not fully h;;,,® vhyy), Structure exhibits a signature inversion below
understood theoretically. The present paper provides new ré=(18.51), while the excited structure exhibits a signature
sults for *?%a, in which signature inversion is indeed evi- inversion abovel=(18.51). The observation of near-
dent. Signature inversion also occurs in certain bands of dowegenerate twinrh,;,,® vhy1, bands has recently been cited
bly odd nuclei in other mass regions. These inclutlg,,  as evidence for a new “chiral” symmetry breaking in nuclei
® vgg» bands ofA~ 80 nuclei[4,5], 7mhy1,® vii3p bands of  [9,10]. This occurs for triaxially deformed odd-odd nuclei
A~160 nuclei[6], whg,® viq3, bands ofA~170-200 nu- which rotate aplanar to the angular momenta of the odd par-
clei [3], and recentlyrgq,® vhqq, bands ofA~100 nuclei ticles (proton and neutrorin a left-handed or a right-handed
[7]. geometrical configuration. In the present case, at least at low
A major problem of many doubly odd nuclei is the lack of spin, the larger energy difference between the band$‘ira,
of several hundred keV, is more consistent with expectations
for an axially symmetridprolate nuclear shape with planar
*Corresponding author. Electronic address: esp@ns.ph.liv.ac.ukrotation.
TPresent address: Department of Chemistry, Washington Univer- Another band, not connected to the other structures in
sity, St. Louis, MO 63130. 124 a, is assigned a high- 7gq,® vhyy,, configuration; with
tpresent address: Los Alamos National Laboratory, Los AlamosK =8, the bandhead is expected to be isomeric and is
NM 87545. associated with the known “high-spin” isomer assigned in
Spresent address: Oliver Lodge Laboratory, University of Liver- 3-decay studie$11]. Bands built on thergg,® vhy/, con-
pool, Liverpool L69 7ZE, United Kingdom. figuration have systematically been observed in odd-odd Sb
IPresent address: Department of Nuclear Physics, Researd@=51) isotope$12], odd-odd | ¢=53) isotopeg$13], and
School of Physical Sciences and Engineering, Australian Nationahlso in the lightest odd-odd C& & 55) isotope$14,15. The
University, Canberra ACT 0200, Australia. current band represents the first evidence for such a structure
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in odd-odd La £=57) isotopes, although theg, orbital is
manifest in neighboring odé- 2%1231% 3 jsotopes[16—
18]. Large quadrupole deformation34~0.28) brings the
mQg, Orbital, which originates below the sphericak 50
shell gap, close to th&=57 Fermi surface. Furthermore,
this orbital is a key ingredient of the highly deforméor
“superdeformed’) configurations B,=0.35) in heavier
massA~ 130, Z<60 nuclei[19-24.

10° Counts

Il. EXPERIMENTAL DETAILS

High-spin states imlA~125 nuclei were populated with
the 4Zn(%Zn, xa yp zny) fusion-evaporation reaction. In
particular, states in doubly od#“La were populated through ~ FIG. 1. Gamma rays selected fof4.a through a combination
the 3pn (x=0, y=3, z=1) exit channel. The experiment of gating techniques as discussed in the text. The transitions are
was performed at the Argonne National Laboratory, using dabeled by their energy in keV and band numiféigs. 2 and in
260-MeV %4Zn beam supplied by the ATLAS superconduct- Parentheses.

ing Iine:_;\r acc_:elerator. The bearr_1 was @ncident on a thin selfe. ot of the BGO suppression shields was exposed, allowing
supporting zinc target, of nominal thickness 59@/0”‘2' y rays to strike the shield elements directly. The number of
The Gammasphere-ray spectrometef27], containing 78 BGO elements firing and their total energy were recorded for
HPGe detectors, was used in ConjunCtiOI’l with the MiCI’Obalbach event, providing fo|(k) and sum-energYH) informa-
[28,29 charged-particle detector and the Neutron Sf8]  tion. By setting off-line software gates on a two-dimensional
in order to provide clean exit channel selection by definingk-H plot, a significant improvement in the quality of the
the number of evaporated particles {/, z). In addition, the  channel selection was made. Specifically, kandH values
recoiling evaporation residues were passed through the Aenhanced the four-particl&4.a channel.
gonne Fragment Mass Analyz&MA) [31] and were dis- Another channel-selection technigue consisted in the ex-
persed according to their mass-to-charg®q) ratio. A amination of y-ray sum energyH) recorded by Gammas-
position-sensitive parallel grid avalanche counter, located gthere in relation to the total energy of the charged particles
the focal plane, provided th&/q information as well as (Ey) deposited into the Microball. Off-line gates were set on
time-of-flight information. a two-dimensionalH-E,, plot [the “total energy plane”
Events were written to tape if thregrays were detected (TEP) of Ref.[32]] appropriate fort?"_a. While cutting the
in prompt coincidence, or twey rays plus an event in the overall statistics by a factor of 50, this final selection greatly
Neutron Shell, or twoy rays plus an FMA event; approxi- reduced contamination fron*La (3p channe), the stron-
mately 1.06<10° events meeting these criteria were re-gest nuclide produced in th&*zn+5Zzn reaction at 260
corded. MeV.

A. Evaporation particle detection Il. RESULTS

The Microball charged-particle detector, consisting of 95
closely packed C¢Tl) scintillators covering 97% of #, was

used to determine the number of evaporated alpha partic:leos;riginal data set of 1.0610° events. These selectegay
() and protondly) associated with an event. A combination events, of mean fold 3.07, were unfolded into constituent

of pulse-shape-discrimination and zero-crossover-tlmlnq[iple (v3) coincidence events and replayed into a Radware-

techniques was used in the off-line analysis to separate IigI'format cubg33]; 1.3x 10° events were incremented into the

Chafged partlcles.—na.mely, protons, deuterons, and alphcaube. These selected events were also used for an angular-
particles—as detailed in Rdf28].

The Neutron Shell, consisting of 30 liquid-scintillator de- distribution analysis, as discussed in Sec. Il B. In addition, a

tectors, replaced the five most forward rings of Gammas'_[wo—dlmensmnal cut was made on thegy plot to further

2
phere HpGe detectors and was used to define the number eghance thé*f.a channel and a second cube was generated.

cvapeatd neurons associated wih an vent. The - PN 9 K10 Siee e ooy e
tron detectors are also sensitive {0 rays, necessitating : y

neutronsy discrimination; a combination of time-of-flight was conducted using theviTer graphical analysis package

o i S [33].
neutrqny dlscrlmmatlon and pulse-shape discrimination was Finally, these events were further gated by the FAUAY
used in the off-line analysis.

values corresponding to mass 124. The final one-dimensional
vy-ray spectrum, with all gating conditions applied, is shown
in Fig. 1 and contains essentially onk#%_a transitions. It

In order to improve the channel selection further, theshould be noted that the-ray efficiency is low below 100
BGO anti-Compton shield elements of the GammaspherkeV because absorbers were placed in front of the HPGe
spectrometer were used asyaay fold and sum-energy se- detectors to reduce the count rate due to x rays. The presence
lection device. By removing the Hevimet collimators, the of the Microball also attenuates the low-energy rays.

Approximately 5.3 10 events corresponding to
Oa3pln evaporation and lovk-H were selected from the

B. Other channel-selection techniques
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FIG. 2. Level scheméwith Fig. 3 deduced for'?4a from this work. The transition energies are given in keV and their relative
intensities are proportional to the widths of the arrows.

A. Level scheme construction 124 a is shown in Figs. 2 and 3, where the ordering of tran-
sitions is based on relative-ray intensities and triples)f)
The previously known band structure 6f4.a [34] has  coincidence relationships. The two parts of the level scheme
been significantly extended. The deduced level scheme afre unconnected which suggests that the bandhead of band 5

014311-3



H. J. CHANTLERet al. PHYSICAL REVIEW C 66, 014311 (2002

5a TABLE |. Measured properties of the-ray transitions assigned
28) to band 1.
1267 : By a b .
(kev)® 1, A, A, R Mult. Assignment
S N S, 298.0 14.3 0.9 E2 (9 —7))
5b 4231 483 09®) E2 (11 —9)
1160 287 5415 758 0.2988 0.14894) 1.102) E2 (13 —11°)
247 oo 651.1 73.2 1.0R) E2 (15 —13)
-1 749.2 59.1 1.02) E2 (17 —15)
1042 e 837.8 38.2 09®@) E2 (19 —17)
914.1 19.6 0.9® E2 (21" —19)
2203 976 975.6 10.8 1.06) E2 (23 —21)
ons _len 1061.7 6.4 (25—23")
942 11416 3.9 (27—257)
2004 837 1190.6 2.9 (29—27")
-1 e -7 1205.0 1.6 (31—29")
859 s} 703 1247.0 1.3 (33—31)
o —dam 13451 0.7 (35—33")
(IQF"W??O o —_ 1462.4 0.1 (37—357)
100 710 3%41-~--/~- - 518 &The y-ray energies are estimated to be accurate @3 keV for
\ (4 559 751 Y the strong transitionsl (>10), rising to+0.6 keV for the weaker
- 38,27.__ 137) 950 transitions.
(12_)I 6 B / PErrors on the relative intensities are estimated to be less than 5% of
360 a1°) the quoted values for strong transitiorls % 10) and less than 10%
790 3‘4'0“+ for the weaker transitions.
‘“-’-L'-—-.' 655
e B _Ro
(82 286 W(6)=1+A,P,(cos)+A,P,(cosh), 1)

FIG. 3. Level scheméwith Fig. 2) deduced for*?4.a from this
work. The transition energies are given in keV and their relativein order to obtain empiricah, and A, angular-distribution
intensities are proportional to the widths of the arrows. coefficients. For some of the weaker transitions, or those

) o ) ) _ with an unphysically large fitted, value,A, was set to zero
(Fig. 3) is isomeric. The assignment 6f=K7"=8" to its  and only a value forA, extracted. Examples of the fitted
bandhead follows from the deduced configuration of thisangular distributions are shown in Fig. 7. The angular-
band and is consistent with the “high-spin”isomer observedgjstribution coefficients obtained for some of the stronger
in B-decay studieg1l]. The measured transition energies dipole transitions were used to extract multipole mixing ra-
and the relative intensities of th&“La y rays are listed in  tigs § by comparing the deduced, andA, values to theo-
Tables |1-VI. Examples ofy-ray spectra, extracted from the retical valueg35,36]; the results for transitions in bands 2, 3,

cube, are presented in Figs. 4—6. and 5, using the phase convention of H86], are included
in Tables Il, 1ll, and V, respectively.
B. Relative spin and parity assignments Multipolarity assignments for the weaker transitions and

Although absolute spin and parity assignments cannot bgoublet transitions were made from an angular-correlation
rigorously made from the present experiment; comparison tgnalysis of coincident-ray intensities. An average coinci-
theory and systematic trends have been used to derive ti€Nt @ngular-intensity ratio, defined as
values given in Figs. 2 and 3, as discussed in Sec. IV A.
Relative assignments are, however, inferred from the experi- . . .
ment. R:Iw(¢91%50 ,130°9,~90°)

In order to establish multipolarities of the strong transi- I 01~90°;92%50°,130‘j'
tions, an angular-distribution analysis of the data was per-
formed. After selecting transitions itf“La with the ancillary
detectors, they-ray data were projected out into the rings of was evaluated for the transitions. Here the coincident inten-
Gammasphere at a given angleelative to the beam direc- sitiesl ., were measured at an angle when gated by quad-
tion; eight rings were used in this analysis. The normalizedupole transitions at an angks. This approach yields theo-
transition intensities were determined in each ring and wereetical R values for pure stretched quadrupole and pure
fitted to the standard Legendre expansion of the angulaistretched dipole transitions of approximately 1.00 and 0.63,
distribution function[35], respectively; these results are included in Tables 1-VI.

2
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TABLE Il. Measured properties of thg-ray transitions assigned to band 2.

E,(kev? 1,° A, A, 5 R Mult. Assighment
87.6 4.4 048) MLE2 (8 —7°)

126.3 10.0 0.5 M1/E2 (77—67)

192.5 35.0 0.4@) M1/E2 (97—87)

194.5 17.9 0.42) M1/E2 (100 —97)

2125 5.2 (8—6")

262.0 34,5 —0.13970) 0.10584) 0.0574) 0.472) M1/E2 (117 —10)
269.3 236 —0.56585) -0 05020 MLE2 (12 —11)
279.6 5.9 (9-7")

324.7 20.6 0.4@) M1/E2 (13 —127)
326.9 13.2 06@® MI1E2 (14 —13)
373.7 15.2 0.5(@) M1/E2 (15 —147)
375.2 8.6 0.51@) M1/E2 (16-—157)
386.7 20.1 0.88) E2 (100 —87)

406.1 57 (17—167)
456.0 123 0.78) E2 (11 —9")

531.0 352 1.0 E2 (127 —10°)
593.9 252 03281  —0.01686) 0.992) E2 (13 —11)
651.8 39.8 0.54466) =0 0.9713) E2 (14 —12)
700.6 31.0 0.9B) E2 (15 —13)
748.0 33.1 1.16H E2 (16 —147)
781.2 26.4 1.1%) E2 (17 —157)
851.3 14.5 0.98) E2 (18 —167)
877.0 7.0 1.68L0) E2 (19" —17")
917.7 10.7 1.06) E2 (207 —18")
975.6 26 1.06) E2 (21 —19°)
990.4 4.1 1.14) E2 (22 —20)
1064.8 3.4 (24227
1073.1 1.2 (23—21)
11285 14 (26—247)
1194.4 0.6 (28—267)

®The y-ray energies are estimated to be accurate: @3 keV for the strong transitiond (>10), rising to

+0.6 keV for the weaker transitions.

bErrors on the relative intensities are estimated to be less than 5% of the quoted values for strong transitions
(1,>10) and less than 10% for the weaker transitions.

C. Band structures in *4.a the core-quasiparticle coupling model, as discussed in Sec.

Bands 1-3 were previously observed in R&4] but no IV A. ) o ) .
links between bands 2 and 3 were found; no spin or parity The interlinking dipole and_ quadrupole transitions be-
assignments were made. These three bands have now be¥{gen bands 1 and 2 at low spin imply that these bands have
observed to higher spin and linked together, while bands 4he same parity. The transitions linking bands 2 and 3 have
and 5 are newly identified. The current spin and parity asangular-correlation values consistent with pure stretched di-
signments start from band 3. This band represents the lowpole transitions and are assigned Bk transitions. More-
spin yrast configuration and is hence associated with high-over, the lack ofAl =2 links (i.e., E2 transitiong also sug-
proton and neutron intruder orbitals: namelyh;;,, and  gests a change in parity. Bands 1 and 2 are hence assigned
vhy,, orbitals. Therh,,,® vhyy,, configuration is consistent negative parity. The present assignments ¥t.a are also
with the assignment of Ref34] and also the band’s align- consistent with the lowest-energy theoretidal=2 band
ment properties. (doubly decoupled38] band 1 having signaturex=1, i.e.,

The coupling of the low®Q hy,,, proton (2=1/2) and odd spins.
high-) hyy,, neutron 1=7/2) leads to a semidecoupled The observation of botlAl=1 and Al=2 transitions
[37] structure for band 3 with an expect&dvalue of 3 or 4  linking bands 3 and 4 suggests that they have the $pos-
(i.e., 7/2=1/2) at low spin. The spin and parity of the lowest tive) parity. Indeed, the positivé\, coefficient for the 841
level experimentally determined in this band are, howeverkeV linking transition (Table VI) implies Al=1 M1/E2
tentatively assignet”=7" through comparison to results of character with5>0 for this transition.
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TABLE Ill. Measured properties of thg-ray transitions assigned to band 3.

E,(kev)? 1P A, A, 5 R Mult. Assignment
122.6 63.6 0.6(2) M1/E2 (9t —8")
133.2 152.1 0.54) M1/E2 (10" —9%)
191.4 4.2 0.86) E2 (9 —7%)
200.9 147.8 —0.30660) 0.04977) —0.05012) 0.51(1) M1/E2 (12" —11%)
225.0 198.7 —0.28461) 0.08177) —0.03513 0.551) M1/E2 (11" —10%)
255.4 34.0 0.2369) —0.05395) 1.01(3) E2 (10" —8%)
274.1 612 -0.34660) 008177 —0.07915 0512 MLE2 (14" —13")
3200 1200 —040158) 006475  —0.113200 0451 MIE2 (13" —12%)
354.1 192 —0.79066)  0.09494) 0484) MIE2 (16'—15%)
357.9 42.5 0.22B4) —0.01994) 1.04(3) E2 (11" —=9%)
396.3 57.0 —0.36360) 0.07577) —0.091(13 0.422) M1/E2 (15" —14%)
425.6 109.4 0.2259) —0.12986) 1.062) E2 (12" —10%)
442.8 4.2 0.46) M1/E2 (18" —17")
449.9 23.2 —0.34260) =0.0 0.4Q4) M1/E2 (17" —16")
453.4 0.7 036) MLE2 (23" —22%)
473.4 2.7 (21 —20%)
476.6 8.3 (1918")
520.6 64.6 0.51@8) =0.0 1.0Q@3) E2 (13" —=11%)
538.0 14 (20—19")
593.8 134.3 0.3081) —0.02884) 1.024) E2 (14" —12%)
622.2 11 (22 21%)
670.2 63.1 0.3381) —0.06885) 1.083) E2 (15" —13%)
750.3 91.4 0.41B4) 0.08088) 1.082) E2 (16" —14")
803.8 558  0.40®1)  —0.15696) 1.123) E2 (17" —15%)
892.3 54.0 0.35@5) —0.20210) 1.054) E2 (18" —16")
919.0 325 04086  0.00290) 1.279) E2 (19" —17)
1010.0 27.2 1.02) E2 (21t —19%)
1013.9 24.9 0.86) E2  (20'—18")
10775 17.2 (23-21%)
1096.1 10.9 1.011) E2 (22" —20%)
1135.6 6.5 (25-23%)
1140.0 6.5 (24—22%)
1199.9 1.4 (26— 24%)
1213.9 33 (27-25")
1251.1 1.6 (28—26")
1293.3 11 (29-27%)
1363.2 0.9 (31—29%)
14293 0.2 (33—31)

®The y-ray energies are estimated to be accurate: @3 keV for the strong transitiond (>10), rising to

+0.6 keV for the weaker transitions.

bErrors on the relative intensities are estimated to be less than 5% of the quoted values for strong transitions
(1,>10) and less than 10% for the weaker transitions.

The use of ancillary detectors with Gammasphere concluThe present configuration assignment is consistent with an
sively proves that band 5 belongs ¥¢fLa (see Fig. 1). Itis 8~ isomeric bandhead for band 5.
not in prompt coincidence with the other bands BfLa
which suggests that the bandhead is isomeric. The band IV. DISCUSSION
properties are consistent with a high{K"=8") wggp»
® vhy4» configuration, and hence the bandhead is assigned
|7=8". The highK nature of the bandhead is expected to The core-quasiparticle coupling modéCQPCM [39—
make this level isomeric; indeed a “high-spin” isomer with 41] has been used to calculate the energy levels of the
|™=7~ or 8~ has been observed jBrdecay studies of*La  7h;;,® vhy;, bands(bands 3 and ¥in *?4.a. This model
which populated states if*“Ba up tol"=7" and 8" [11]. has already been successfully applied to this mass region

A. Absolute spin and parity assignments
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TABLE IV. Measured properties of the-ray transitions assigned to band 4.

E, (keV) @ 1P A, A, R Mult. Assignment
157.1 1.2 (12-11%)
242.6 5.9 0.5@) M1/E2 (14" —13%)
318.2 7.0 (16—15%)
334.0 3.9 (13—12%)
362.4 7.0 0.5@) M1/E2 (15" —14%)
394.8 47 (1817
398.6 6.8 (17 —16")
427.9 8.0 (19—18")
490.7 8.6 1.06) E2 (13" 11"
576.9 183 0.29B1) ~0.02885) 0.982) E2 (14" 12"
605.1 121 1.009 E2 (15" —13")
680.3 23.6 0.4311) =0 0.902) E2 (16" —14"%)
716.1 13.0 (17—15%)
794.2 24.6 0.92) E2 (18" —16")
824.7 115 (19-17%)
909.2 227 1.204) E2 (20" —18")
926.8 8.4 (21—19")
982.2 2.9 (2422
1006.9 11.2 1.1898) E2 (22" —20%)
1029.1 106 (23-21%)
1049.2 25 (26— 24")
10745 3.4 (25—23%)
1140.1 23 (28—26%)
11438 17 (27—25%)
12217 22 (30—28")
1307.1 1.3 (32—30")
1397.1 0.9 (34-32%)

®The y-ray energies are estimated to be accurate: @3 keV for the strong transitiond (>10), rising to

+0.6 keV for the weaker transitions.

®Errors on the relative intensities are estimated to be less than 5% of the quoted values for strong transitions
(1,>10) and less than 10% for the weaker transitions.

[42—44. In the present case, a triaxiay€ 13°) rigid-rotor B. Cranked Woods-Saxon calculations

EZBa core was first coupled to an otids, neutron to form Representative results of cranked Woods-Saxon calcula-
*Ba and then to an odd;;, proton to producé®La. The  tions for ?4.a, employing a triaxial Woods-Saxon single-
results for the first and seconthy;,® vhy, configurations  particle potentia[47,48, are shown in Fig. 10. In these cal-
are presented in Figs. 8, and 9, respectively, where they aigulations, the pairing strength is calculated at zero frequency
compared to the experimental energy levels of bands 3 and 4nd is modeled to decrease with increasing rotational fre-
Good agreement is found when the lowest observed level ajuency such that the pairing has fallen by 50% at
band 3 is assigned spim:7 It should be noted that the the- =0.70 MeV/#:, as detailed in Refl49]. Average deforma-
oretical state of spin# lies only 30 keV below the state of tion parameters3,=0.28, 8,=0.0, and y=0° were ob-
spin 74, which may explain why this state was not identified tained from standard TRS calculatiop#9—51] for possible
experimentally. With these spin assignments, the energy levsonfigurations in'*4.a. The labelling convention of the or-
els of band 4 are also well reproducédg. 9). bitals is listed in Table VII, together with their calculatgd
The current assignment of'9-7"* for the 191 keV tran-  factors[48]
sition of 1?4La is consistent with the systematics of odd-odd 1
lanthanum isotope$8] and also recent “extended” total go==[91(1,)+9«s,)]. ©)
Routhian surfacéTRS) calculationg45]. In contrast, how- Q
ever, recent work ort?%La [46] has suggested spin valuek 2 |, g4 (3), g. is taken as 70% of. 1o, While g;=1 for
lower for therhy,,® vhyy ), configuration in that nucleus, in- protons andg,=0 for neutrons. The calculations are per-
conflict with the general systematic treff. formed over a decomposition of harmonic oscillator basis
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TABLE V. Measured properties of the-ray transitions assigned to band 5.

Band 5

E, (keV) 2 1P A, A, 5 R Mult. Assignment
286.5 60 0.30@9) 0.135120 0.371) 1.072) M1/E2 (97 —87)

315.3 31.7 0.11@7) —0.03781) 0.225) 1.233) M1/E2 (100—-97)

329.8 15 (1716)
340.0 16.6 120) MLUE2 (11 —10)
341.2 15 (16—15")
360.5 115 096) MLE2 (12 —11)
369.3 26 (15—14")
375.9 55 (13-12°)
381.6 35 (14-13")
601.6 20.7 1.081 E2 (100—87)

655.2 30.0 0.8®) E2 (117—97)

661.4 16.4 1.02) E2 (18 —167)
670.7 16.2 1.0®) E2 (17 —15")
7003 34.8 1.001) E2 (12 —107)
702.5 10.3 1.18) E2 (19 —17)
710.1 26.2 1.0®) E2 (16" —147)
736.3 31.2 1.0%) E2 (13 —11)
751.4 22.2 1.08) E2 (15 —13")
757.4 334 1.08) E2 (14 —127)
772.1 8.7 (20—18")
836.7 9.0 (21—19")
904.4 9.3 (2220)
976.2 53 (23-21")
1041.5 4.8 (24—22")
1109.3 35 (25—237)
1168.6 2.6 (26—24")
1266.8 0.9 (28—26")

®The y-ray energies are estimated to be accurate: @3 keV for the strong transitiond (>10), rising to

+0.6 keV for the weaker transitions.

bErrors on the relative intensities are estimated to be less than 5% of the quoted values for strong transitions
(1,>10) and less than 10% for the weaker transitions.

states, the dominant components of which are included in D. Electromagnetic transition strengths

Table VIl for each level. The determination of absolu®(M 1) andB(E2) values
requires the measurement of nuclear lifetimes. However,
B(M1)/B(E2) ratios of reduced transition probabilities may
be readily extracted from experimentgiray branching ra-

. N . tjos N of competingAl =2 andAl =1 transitions, i.e.,
The experimental data are presented in Fig. 11 in terms o* peting

an alignmenti, plot [52], as a function of rotational fre- B(M1;l—1—1) JE7(|—>|—2)]5
quency,w~E /2h for Al =2 transitions. A rotational refer- B(E2:—I1-2) = '[E (ENEETE
ence, based on a configuration with a variable moment of Y

C. Alignment and energy systematics

inertia 7= Jo+ ©27;, with Harris parameter§53] 7, 1 1 43
=22.7* MeV™! and J;=16.61* MeV 3, has been sub- X< | 23| 4
tracted in each case; band 3 over the frequency range 0.10 [1+67][eD

<=w=0.50 MeV# was used as the reference for this sys-

tematic comparison. with A=T,(1—1-2)/T (I-I1-1) and E, measured in
The energies of the linked bands 1-4 are shown, relativileV. Such ratios of reduced transition probabilities have

to a rigid-rotor reference, as a function of spin in Fig. 12. Itbeen extracted for the strongly coupled bands 2—%?fha

can be seen that band 3 represents the yrast band at low s@ind are shown in Fig. 13. The experimenEd/M1 multi-

but that band 1 becomes yrast at high spin. pole mixing ratioss, where available, were used in calculat-
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TABLE VI. Measured properties of the interbandray transitions.

Bands E,(keV)? I,° A, A, ) R Mult.  Assignment
1-2a 854  10.0 (7—6")
2a—1 127.6 34.1 0.6 M1/E2 (87—=77)
1—2a 171.0 53.8 0.5®) MI1/E2 (97—87)
1—2a 207.5 5.3 0.6 M1E2 (11 —10)
2a—1 2159  26.0 058 MILE2 (100—97)
1-.2b 4016 22.9 07@ E2 (11 —9°)

2b—3b 591.3 5.6
2a—3a 636.4 10.4
2b—3b 759.6 9.6
2a—3a 767.1 9.4

066) E1 (11 —10%)
05® E1 (12 —11%)
06B) E1 (13 —12%)
066) E1 (14 —13%)

4a—3a 840.9 269 0.19400 0.108110 0.28100 0.521) M1/E2 (12" —11")

2a—3a 845.4 7.5
2b—3b 867.3 8.0
4a—3a 897.3 11.8
4a—3a 905.3 7.0

4b—3b 966.6 21.5 -—0.08954) =0

4b—3b 978.0 9.1
4a—3b 1068.4 4.7
4b—3a 1174.0 54
4a—3b 1217.4 6.8
4b—3a 1257.5 3.1
4a—3b 1302.5 4.0
4a—3b 13495 2.5

05B) MLE2 (16 —15%)
(15—14%)
(12—13%)
(16 —15%)

MIE2 (13" —12%)
(15 —14%)
(12—10")
(13-11%)
(14—12%)
(15-13%)
(16—14%)
(18—16")

&The y-ray energies are estimated to be accurate: @3 keV for the strong transitions >10), rising to

+0.6 keV for the weaker transitions.

bErrors on the relative intensities are estimated to be less than 5% of the quoted values for strong transitions
(1,>10) and less than 10% for the weaker transitions.

ing the B(M1)/B(E2) ratios; otherwiseg was set to zero

sic sping[55]. The quadrupole momeQ, can be estimated

(the ratios <[ 14 62] 1, are insensitive to the exact value of from the TRS-predicted deformation parametegs (8,4,
6). In the framework of the rotational model, the expressionsy). CalculatedB(M1)/B(EZ2) ratios are included in Fig. 13.

[54]

B(l\/|1-|—>|—1)=i RGE(1K10[l —1K)?
, 47TMN KK ’

5
B(E2;l —1—2)= EeZQ(%(IKZOH —2K)2  (5)
can be combined to yield a theoretical ratio
I

e?p?

(6)

B(M1]—1-1) 8Gg¢ (21-1) (1-1)
B(EZI—1-2) 5 Q2 (I-1+K) (I-1-K)

The parameteGy is defined as
Grk=K(gk~9r) =Qp(ga,~gr) + 2n(do ~9r): (7)

where g is the effectiveg factor of the related two-
quasiparticle configuration and tlgg, values are taken from
Table VII. The rotationalg factor gg is taken as equal to
Z/IA=0.460 andK =] ,*=Q,|, coupled in accordance with

Finally, the 6§ values were used to determine the ratio of
Al=1 to Al =2 reducedE?2 transition probabilities depopu-
lating a level of spin, i.e.,

B(E2;1—1-1)
B(E2;l—1—-2)

E, (1 2)} 1 6 ®

[E,0—1-1)] “N1+s2°

Results for band 3 are shown in Fig. 14.

E. Configuration assignments

Based on previous work, experimental properties, and
comparison to the Woods-Saxon cranking calculations, it has
been possible to assign quasiparticle configurations to the
bands in'?"La. The results are summarized in Table VIII and
the band properties discussed below.

1. Bands 3 and 4:rh,,®vhy, bands

The flati, of band 3 fore<0.5 MeV/h, shown in Fig.
11, implies amh;45® vhy4, configuration through blocking
arguments; i.e., neither the theoretiag!r nor thew. align-
ments of Fig. 10 are evident. In terms of the quasiparticle

the Gallagher-Moszkowski rules that require parallel intrin-labels of Table VIII, the two signature components of band 3
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FIG. 4. Examples of background-subtracteday spectra show-
ing transitions, labeled in keV, in bands 1 and 2'&1La.

correspond to Eed¢=1) and Ef (@=0) configurations, re-
spectively. Similar to band 3, the protanzg and neutron
wes alignments of Fig. 10 are absdiocked in band 4 and
hence this band is assigned an excitgt, ;,,® vhy,, struc-
ture; the two signature components correspond to &e (
=0) and Ff @=1) configurations, respectively.
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30
(a) Band3a
20
10 2 Q % p:4 o © w0
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= 8 (c) Band4a
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0.2 0.4 0.6 0.8 1.0 1.2
Energy (MeV)

FIG. 5. Examples of background-subtracteday spectra show-
ing transitions, labeled in keV, in bands 3 and 4'6f_a.

For example, the favored signature component of the yrast
why1o®vhyy,  configuration should have a;=[11/2
+11/2lmod 2=1, or odd spins. However, with this defini-
tion, band 3 exhibits a signature inversion at low spin with
the “favored” odd-spin component actually higher in energy
than the “unfavored” even-spin component. The signatures
invert at 1.,=(18.%%), corresponding to a rotational fre-

Both bands 3 and 4 show evidence for the rotationayyency w=0.45 MeV#; this is evident in Fig. 15 which

alignment ofhy,,, protons atw~0.50 MeV/#, correspond-
ing to thewg¢ (band 3 andwgy (band 4 alignments in Fig.
10(a). The rigid-rotor plots for bands 3 and(&ig. 12) show
that the energy splitting between the bands decreases wi
increasing spin, and at- 264 after a backbend, the excited

band becomes energetically favored. The signature splitting
within the two bands is related to the energy splitting of the

vhq4, orbital, while the energy difference between the two
bands is related to the energy splitting of thl,,,, orbital.
However, the latter splitting of the E and F orbitals is ex-
pected to increase with spin, as shown in Figl@L0A simi-

lar situation is seen in the corresponding twirh;q/,
®vhyy, bands of 1*4Pr and has been attributed to different
guadrupole deformationg56] and more recently to chiral
symmetry[10].

The favored signature component of a spedifghell is
given by«;=jmod 2. Moreover, the favored signature com-
ponent of a specifig ,®j, shell-model configuration in a
doubly odd nucleus is expected to be

©)

ai=[]j,+],]Jmod 2.

plots the staggering paramet{é&?7], defined as

tl 15 & w (a) Band5a
10
s 5
5
S 0 bl
o 30 2 (b) BandSb
— Y
20
8ER8 =
10 eTee
o bt _U'.L” - JUJL)\__,M
0.2 0.4 0.6 0.8 1.0

Energy (MeV)

FIG. 6. Examples of background-subtracteday spectra show-
ing transitions, labeled in keV, in band 5 &L.a.
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o~ 1.2 +
=) 3o} 16t —— 17—
=z 1.0 .
1 —

= 25F
% 0.8 15* 15+

0.6 -
g (b) 542 keV: (13" —11") 20} 14" 14*
q; 12 E (MeV) 13* 13—
2 1.0 ! ° i’
= 1+ — 1t —
= 08 ok
g J
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812 '
= Theory Experiment
on L
qg: 1.0 0.0

0.8 . FIG. 9. Comparison of the energy levels of band 44fia with

08 (c)225 keV: (11 -107) results of the CQPCM for the seconth,,,® vh,4,, configuration.

60 80 100 120 140 160

0 (degrees) _ - _
quency and no signature splitting should occur in band 3 at
FIG. 7. Examples of angular distributions. Experimental inten-low spin. The correspondingrh,,,® vh,,, bands in odd-
sities are shown by the data points, while fitted angular-distributiorodd *?3_a [58] and *?%La [46,59 are also included in Fig.
functions are shown by the curves. The 286-keV transitiris a  15(b), taking spin assignments from smooth systematic
Al=1 transition of band 5 witt§>0; the 542-keV transitiofb) is  trends as proposed by R¢8]. It can be seen that the inver-
a Al=2 transition of band 1; the 225-keV transiti¢o) is a Al sion spin systematically increases with mass number as

=1 transition of band 3. noted in Ref.[2] for odd-odd caesium and lanthanum iso-
topes.
S(Hh=E(I)—E(1-1)—3[E(1+1)—E(l) In the case of band fFig. 15c)], there is a large signa-
r littin low spin. For the excitegh h n-
FE(I-1)—E(1-2)], (10) ture splitting at low sp or the exciteth,,,® vhy,, CO
as a function of spin. In band 3, the splitting is related to the |
energy difference of the two signatures of thie,/, orbital § 15
[levels e and fin Fig. 1®)]. It should be noted that the e and §
f orbitals are essentially degenerate at low spin and fre- C 104
=
28k Band3 :g
3 051
26F 7t 3 0
24} [ .
17" —— o N - J
22t 16F S 0.0 == = s
20f £ [8,=0.280, B=0.0, y=0° ]
. = 157
18F 6 — o R=7 \\
L6 15t % -
E MeV) 14f 1t 2101
12F 14— é
1.0F 13— 13" —— DED 0.5 f (U
0.8F + 12* w2 \\'\\U/'/_ """"""""""""""
0t — byv N
0.6F e ut 00 . . ~4
04F 10t 10% —— 0.0 01 02 03 04 05 06
+
0.2} gt —— v—_ o (MeV/H)
0.0t 7= 8 7*
5 Theory "Experiment FIG. 10. Representative cranked Woods-Saxon single-

quasiparticle energies, appropriate ftfLa, for protons(a) and
FIG. 8. Comparison of the energy levels of band 33fiLa with neutrons(b). The parity and signaturen(a) of the levels arg -+,
results of the CQPCM for the firstrhy;,,® vhyq, configuration.  +1/2), solid lines;(+,-1/2), dotted lines;(—,—1/2, dashed lines;
Theory suggests a spin ofi7for the lowest experimental state of (—,+1/2), dot-dashed lines. Quasiparticle alignments are indicated
band 3. by the arrows and labeled by the aligning quasiparticles.
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TABLE VII. Quasiparticle orbitals as labeled in Fig. 10 with

. . . . oBand1
their dominant Nilsson components and calculagefactors. The ~ 02 .23232
calculations were performed witB,=0.28 andy=0°. % aaBand3
s 0.0tTeoBand 4
Label Nilsson configuration g factor ::_0 5
a=+1/2 a=-1/2 [Nn,A]JQ™  Subshell gq E '
N = 0.4

B A B [422]3/2" (91%)  gp 0.54 =

C D [404]9/2" (93%) Qg 1.32 S -061

F E [650]11/2~ (89%)  hyyp 1.65 S

H G [541]3/2~ (90%)  hyyp 1.50 0.8 I

| J [420]1/2" (80%)  dsgp 2.52 10 8 d

c d [413]5/27 (92%) g 0.38 Spin I (%)

f € [523]7/2: (90%  hayp -0.32 FIG. 12. Experimental rigid-rotor plots for bands 1-4.

h g [532]5/2~ (88%)  hy,  —0.38

' j [402]5/2" (75%)  dsz  -048  Ref. [60]; the excitedah,,,® vhyy, band is predicted to

show signature inversioabovethe critical spin. The behav-
ior of the tworhy;,,® vh,, bands in*?4.a is also similar to
figuration, the proton F orbitald=1/2) is coupled to the the chiral-partner bands seen in this mass re¢ldn61,63,
neutron e and f orbitals and the favored signature Fedhas where low-spin signature inversion is seen in ¢t yrast
=0, or even spins. This is indeed the case for band 4 at lowonfiguration, but not both, chiral partners of thehy,
spin, but there is now a signature inversiove | in band & vh,,,, configuration. Furthermore, it has been suggested

4 in contrast to the signature inversibelow |; in band 3.  that signature inversion and chirality may be intimately re-
Moreover, the signatures cross again in band 4lat |ated[63].

=(24.591), but this could be related to perturbations of the The experimentalB(M1;l—1—1)/B(E2;l—1—2) ra-
smooth band behavior by alignments of quasiparticle pairstios for band 3 also show a clear signature dependence, as
Indeed, there is a sharp backbend in tire 1 signature of can be seen in Fig. 18). The ratios are larger for the tran-
band 4 rather than a more gradual upbend as seen in the sitions from thea=1 signature to ther=0 signature com-
=0 signature and both signatures of band 3 @t pared to those for the transitions from the=0 signature to
~0.5 MeV/i, as evident in Fig. 1(b).

The behavior of the signatures in bands 3 and 4%4fa

. ) . - iy Band 2 -
is consistent with the “signature quartette” description of (&) Ban ® o=l - a=0
O a=0— a=1
15 =
® Band 1 § 1"l"n/zvdsn
¢ < Band 2 f 0 7th, ) vg,,
10 = ®Band3:mh,, Vhy o gl as0
5 &\ 2 0 =0 - a=1
]
(a) ’_‘ 1} B
= 0 i S o
— O ® Band 3 ('.\l” 0
- O ® Band 4 Ra| (c)y Band 4: ®th,,,, vh, , ® a=1- a=0
- 10 E 3 0 a=0 - a=1
5 2,
E s L
L
2 (b) T _
< 0 ) (d) Band 5: mg,, vh,,, o=l >a=0
10710 0 Band 5 2 3 o a=0— a=1
~ 2
m
1 124
5 La
(©) 910 12 14 16 18 20 22 24

01 02 03 04 05 06 07 Spin (%)

o (MeV/h) FIG. 13. ExperimentaB(M1;l —1—1)/B(E2;l —|—2) ratios
of reduced transition probabilities for thel =1 bands in'*4La.
FIG. 11. Experimental alignment plots for the bands in The dotted lines show theoretical estimates obtained for the given
124 3. configurations.
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% 3 % _op) @Band2
20041 ¢ > 02
— N’
| ~~
— -
C_]; 0.02+ i % 0.0
~N L % Q
) S o2
B 0,00 ety E o2 »
10 11 12 13 14 16 16 =] 18.5 =
. o
Spin I (%) %0 0.0
FIG. 14. ExperimentaB(E2;l—1—-1)/B(E2;|—1—2) ratios 'B _02 (c)Band 4 I. =0
of reduced transition probabilities for band 3 iffLa. 20 0o
e 0.

: : : : & o=1
the a=1 signature; unlike the level energies, no signature 001 e0eoeagagoeoyogo
inversion is evident, which is, however, consistent with ) 00
neighboring  odd-odd  nuclei [15,34. Calculated (d)Band 5
B(M1)/B(E2) ratios for thewhi15® vhyiy, configuration —0.2 10 15 20 25

re incl in Figs. nd 1 nd on aver r .
are included gs. 18) and 13c) and on average agree Spin I ()

with the experimental values. The experimerBdE2;l — |

—1)/B(E2;1—1-2) ratios for band 3, shown in Fig. 14, £ 15 Pplot of the energy staggering paramedér) versus
could not be determined with sufficient sensitivity to exam-,55ymed spim for the Al =1 bands in'?4.a. The solid and open

ine signature effects, but have an average value of approxkympols represent the two signatures of each band, with the solid
mately 0.03. Any signature dependeristaggering in the  symbol corresponding to the theoretically “favored” component. In
B(M1;1—1-1)/B(E2;l—1-2) or B(E2;1—1 (b) the dotted and dashed lines represent the corresponding bands in
—1)/B(E2;l—1—2) ratios must be attributed to th#l 123 a and *?%_a, respectively.

=1 reduced transition probabilities rather than B E2;l

—1-2) \./alues,. neither experimental nor theorgt]cal eV"Fdightly positive; results calculated at a rotational frequency
dence exists which suggests that the latter quantities shouwzo 25 MeV/h are shown in Fig. 16, where the inversion
exhibit significant signature-dependent effects. The signatur&c thé e and f orbitals can be s.een’ﬁ:l>4° For higher

effept .Of th'el'\/l 1 transition probab[lltles is entirely due to the frequencies, the inversion point increases slightly such that it
Coriolis mixing of (1 =1/2 states in the nuclear wave func- , reachedy=10° atw=0.50 MeV/i. The signature in-

tion and can occur for axially symmetric or triaxial shapes., o, i in hand 3 of24.a could thus be simply explained by
However, a significant signature dependence of the non-

stretchedE2 transition probabilities only occurs for nonaxial

shapeg64]. 10 oa=-1/2 \ 4
In the literature, signature inversion has been attributed to o \/_ w412
a triaxial nuclear shape witly>0°, Lund conventior{65], = 0.8 B
in conjunction with the specific position of the Fermi surface g
within a given subshell66]. Positivey corresponds to rota- g=
tion about the short axis of the triaxial nuclear shape. In the § 067
present case of*a, cranked shell-model calculations indi- &
cate a signature inversion for thé,, orbital for y only § 0.47
=
TABLE VIII. Quasiparticle assignments to the rotational bands _qé 0ol
in ?a at low spin. § )
(o4
Band Quasiparticle label Dominant configuration 0.0 t '
-100 -50 0 50
1 Eb 7Th11/2® Vd3/2 fY (deg)
2 E|, Ej a 7Th11/2® VdSIZ
3 Ee, Ef mhyyo®vhygp FIG. 16. Quasineutron levels calculated as a function of the
4 Fe, Ff hy1,® vhygp triaxiality parametery for ?4.a at a rotational frequencyn
5 Ce, De TGo® vhy1s =0.25 MeV#H. An inversion of the e and f levels, derived from a
vhyq, orbital, can be seen ag=4°, which is close to the axial
%preferred assignment based on electromagnetic properties. prolate shape withy=0°.

014311-13



H. J. CHANTLERet al. PHYSICAL REVIEW C 66, 014311 (2002

small positivey deformation y=4°) for spinsl <I. and an
axially symmetric shapey~=0°) for I>1.. However, the
opposite effect would be needed to explain the high-spin
signature inversion of band 4, i.ey~0° for I<Il. and vy 0571
=4° for | >1.. This unlikely scenario suggest that signature
inversion is related to other physical effects. -8 0.0 o
Signature inversion is only ever seen in multiquasiparticle 52 '
configurations and has been attributed to a residual proton-
neutron -n) interaction[15]. In the case of a semide-
coupled[37] structure, such as band 3, low-spin signature o Hacihe
inversion has been attributed to a large repulsive matrix ele- -1.01"La: Band 3 1+(Ae’/H)
ment of thep-n force acting in the maximally aligned intrin- = = =
sic statg3]. In the present case, this state with,,= 114 is 10 15 ) 20 25
pushed up in energy and the system behaves effectively with Spin I(#)
Imax=104 and has a favored even-spin sequence. With in- FIG. 17. These ratios plotted for band 3 as a function of spin

creasing rotation, however, thena, =117 state becomes hould be equal for an axially symmetric shape, as discussed in the
more favored such that the signature branches cross at tl;’?ee u qu y sy pe u

inversion spinl ;. K

More recently, quadrupole pairing correlations have been , , ) i i
considered. “Extended TRS” calculatiorf@5], which in- just ab_ove the signature-inversion spin, the_ ratios become
clude a quadrupole pairing force, suggest that the)( approximately equal. Th|s_behaV|°or could.be mterpreteq as a
=(22) component is dominant in inducing signature inver-Sh""peo change from triaxialy(-0°) to axially symmetric
sion inA~ 125 nuclei around theh,,, midshell, i.e., nuclei (¥=0°) around the inversion spin.
with N=65, 67, prime examples being?da and *?4a.
These calculations predict a triaxial shape with=0.29 and 2. Band 1:7h;y,®vdgy, band
y~+13° for the whyy,,® vhyy, configuration in*?4.a. In The decoupled nature of band 1 implies that it is built on
contrast, the simpler TRS calculations used here yield ag configuration with a lowk value. It is hence assigned a
axially symmetric shape witfg,=0.28 andy=0° while the  K7=0~ 1~ 7h,,,® vds, doubly decoupledi38] configura-
CQCPM calculations also yielgt~13°. tion making use of thé)=1/2 E and b orbitalgsee Fig. 10

A test of triaxiality has been proposed in RE§7] thatis  and Table VI). A similar band is seen in th&?%.a isotope
related to measurel(M1) rates between favored and unfa- [46] and a decoupled band has also been observed in the
vored signature components of a rotational band. Taking &2 jsotone[68], with possibly the same configuration, al-

unique-parity high-spin orbitale.g., hy19) in an oddA  though a positive-parityrh;,® vhey, structure was also
nucleus, the following relation was shown to be valid for considered.

o A BMD
<B(M1)>

ﬂlc

axially symmetric shapes: Band 1 shows evidence for a rotational alignment of par-
ticles atw~0.60 MeV/i. This is most likely thews align-
AB(M1) 4(Ae'/hw) ment of h 1, neutrons in Fig. 10, which is blocked in all

(11) other bands. Experimentally, the alignment occurs much later
than expectediw.~0.36 MeV/# in Fig. 10b). Further-

. more, the alignment frequency itf“La is even higher than
Here AB(M1)=B(M1l—~1—1)-B(M1i—=1—-1-2) iS o corresponding neutron alignments in thie;;, bands of
the difference in th&8(M 1) rates forAl =1 transitions from neighboring oddA lanthanum isotopes, which occur at
one signature to the other and vice versa, wiiBéM1)) is o 45_0 50 Mev# [18]. The discrepancy between predicted
the average va_lue. The q“‘?‘r!“‘%e /hois the rz_mo of t_he and experimentabh,,,, alignment frequencies is a common
e_xpenmental signature splitting of the Rpgt_h'd@] d." feature of this mass region and has been discussed in detail
vided by the rotational frequency. The definition of spin eN-in Refs. [18,69; proton-neutron pairing or deformation ef-

sures thate’ =0 at the inversion spifi.=(18.51). Com- (o 4< have been considered as an explanation of the discrep-
parison of the left-hand side of E€lL1) to the right-hand side ney. P P

yields a test for triaxiality. Assuming a constant rotational
stretchedB(E2) rate, theB(M1) values of Eq(11) may be
substituted by the measur& M 1)/B(E2) ratios(Fig. 13.

If Eq. (11) can be generalized to the case of two unique- Band 2 is formed by coupling theh,,,, intruder orbital
parity orbitals in an odd-odd nucleug.g., the why;,  to higher-lying positive parity neutron orbitals. The theoret-
®vhyy, configuration, it immediately implies that there ical results of Fig. 10 and Table VII show two possilfé
should be no signature dependence inBiiM 1) rates when =5/2" orbitals based ony[413]5/2" (g7, with near-
Ae’'=0, i.e., AB(M1)—0 around the signature inversion degenerate signature components ¢ andra! »[402]5/2"
spin|,=(18.5%). Results for band 3 are plotted in Fig. 17, (ds,, with components i and jrespectively. These calcula-
where it can be seen that a constant difference in the ratios t#ns, performed with3,=0.28 andy=0°, suggest that the
observed for spins below 20 However, al ~224, whichis ~ K7=3" wh1,,® vg+, configuration, with signature compo-

(B(M1)) 1+ (Ae'/fiw)?

3. Band 2: wh,,,® vdg, band

014311-14



SIGNATURE INVERSION IN DOUBLY ODD 24 a PHYSICAL REVIEW C 66, 014311 (2002

nents Ec ¢=0) and Ed ¢=1), would be energetically fa- Unlike the other bands if*/La, which all contain am,;,,
vored over theK”=3" wh;,® vds;, configuration, with  proton which blocks the first allowed proton alignment, band
signature components ExE0) and Ej @=1). However, 5 exhibits thewgg proton alignment of arh,, pair. This
theB(M1)/B(E2) ratios for band 2 are more consistent with alignment takes place at a frequency @f0.30 MeV#,
estimations for the latter configuration; the 1/2 vds;, or-  close to the predicted frequency in Fig.(&0 Similar align-
bital induces largeB(M1) values than thé—1/2 vg;, or-  ments are seen in strongly coupledyy, bands of oddA
bital. Hence therh,y,® vds), configuration is the preferred 12%1231%pa [16-1§. In Fig. 15d), the two signatures of
assignment for band 2. With this assignment the correct sigeand 5 are degenerate beldw 144. Above this spin, a
nature @=0) is favored at low spin in Fig. 18). The sig- small signature splitting is observed with the expected

natures do cross, however, for spins around ZA&Mich is =0 component favored.
the inversion spin for bands 3 and Bigs. 18b) and 15c),
respectively.
The h1,,® vds), configuration has also been assigned to V. CONCLUSIONS

the corresponding band iff%.a [46]. The present cranking 29 i )
calculations can be reconciled with this configuration by 1he doubly odd nucleug?’Lag; has been studied to high

changing the quadrupole deformation parameters. While §Pin using the Gammaspheyeray spectrometer in conjunc-
decrease irB, slightly lowers the excitation energy of the i tion with ancillary charged-particle and neutron detectors
and j levels ¢dsy,) in Fig. 10b), a more dramatic change and the Argonne Fragment Mass Anglyzer._ The Io_vv_-spln
occurs when introducing triaxiality withy>0°. Indeed, for Yrast band, based onzh,,,® vh;, configuration, exhibits
y~20° the c/d (gy,) and ifj (vdgy) levels all become de- & signature inversion in its level gnerglel_selow le _
generate at zero frequency. It should be noted that triaxiality” (18-). A second band is also associated with an excited
with positive y also inverts the signatures of the yrast 7N1v2® ¥h1y, configuration and shows a signature inversion

mhy,® vhyy, band, as discussed previously in Sec. IV E 1.8bove t=(18.51). The yrastahy,,® vhyy, band also ex-
hibits a clear signature depender(staggering in its mea-

4. Band 5: wgg,®vh,y, band suredB(M1)/B(E2) ratios of reduced transition probabili-
ties, but with no change of phadaversion evident; the
ratios are larger for transitions from tlae= 1 signature to the
a=0 signature.

A third band is assigned &h;,,® vds, configuration. A
Al=2 band, based on th€"=1" wh,,,® vds, configura-
tion, was also observed. Finally, a stongly coupled band,
. 2 based on a high (K™=8") mgq,»® vhyy, configuration
doubly odd antlmony1=51).[%2] and iodine £=53) [13] |25 5150 established and is believed to be built on the “high-
Isotopes. Hence,_ banq 5 “.]' La is aSS|gne_d a similar spin” isomer observed in previoug-decay studies. This
709® vhyy; CONfiguration with degenerate signature com-y g represents the first evidence for iy, proton(hole)
ponents Ce4¢=0) and De @=1). Such a configuration has g .pio1in a doubly odd lanthanum isotope.

K™=8" and is based on the[404]9/2" ® v[523]7/2" con-
figuration, leading to the spin assignments of Fig. 3. The sign
of the mixing ratio is related to the sign of the quantity
(gk—gr) for a prolate nuclear shape. The value @y (
—gr) can be estimated from E¢7) and is indeed found to This work was supported in part by the U.K. Engineering
be positive for the assigned configuration of band 5. and Physical Sciences Research Council, U.S. National Sci-

The experimentalB(M1)/B(E2) ratios for band 5, ence Foundation, and the Department of Energy, Nuclear
shown in Fig. 18d), are larger at low spin than for the other Physics Division, under Contract No. W-31-109-ENG-38
bands. The ratios decrease with increasing spin but, at th@NL). We are indebted to Dr. D. C. Radford for providing
lowest spins, are larger than the predictions of the rotationahe RADWARE analysis codes and to Dr. R. Wyss and Dr. W.
model for thewgg,»,® vhy,,, configuration. Nazarewicz for providing the Woods-Saxon cranking codes.

The Al=1 transitions of band 5 have angular distribu-
tions with positive A, coefficients(Table V), implying &
>0. Such unusual behavior is characteristic of thgg,
orbital which originates below the spherica&50 gap. In-
deed Al =1 transitions with positive multipole mixing ratios
have systematically been observedrigg,® vhy1,, bands in
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